The identification of novel anti-apoptotic sequences has lead to new insights into the mechanisms involved in regulating different forms of programmed cell death. For example, the anti-apoptotic function of free radical scavenging proteins supports the pro-apoptotic function of Reactive Oxygen Species (ROS). Using yeast as a model of eukaryotic mitochondrial apoptosis, we show that a cDNA corresponding to the mitochondrial variant of the human DUT gene (DUT-M) encoding the deoxyuridine triphosphatase (dUTPase) enzyme can prevent apoptosis in yeast in response to internal (Bax expression) and to exogenous (H 2 O 2 and cadmium) stresses. Of interest, cell death was not prevented under culture conditions modeling chronological aging, suggesting that DUT-M only protects dividing cells. The anti-apoptotic function of DUT-M was confirmed by demonstrating that an increase in dUTPase protein levels is sufficient to confer increased resistance to H 2 O 2 in cultured C2C12 mouse skeletal myoblasts. Given that the function of dUTPase is to decrease the levels of dUTP, our results strongly support an emerging role for dUTP as a pro-apoptotic second messenger in the same vein as ROS and ceramide.
Introduction
Apoptotic cell death (type I) is a genetically programmed mechanism that allows the cell to commit suicide when conditions are judged to be unfavorable [1] . Although the term apoptosis is often used to denote all forms of programmed cell death (PCD), it should be noted that genetically encoded cell death can occur via a number of different but likely interrelated mechanisms such as autophagy (type II PCD) and necrosis (type III PCD) [2] . The decision on whether a cell commits suicide in response to a given stress is dependent on the interplay of a number of regulatory pro-and anti-apoptotic proteins [3] . For example, Bax, the most well studied pro-apoptotic member of the Bcl-2 family of proteins, functions, at least in part, by interacting with the mitochondrial membrane and assisting the release of proapoptotic molecules such as cytochrome c. Other proteins like caspases become activated by stress responsive cascades and they serve to promote cell death by cleaving a variety of cellular substrates that lead to death [4] . In contrast, many of the anti-apoptotic proteins function by directly antagonizing apoptotic proteins. For example, the anti-apoptotic Bcl-2 is probably the most studied inhibitor of apoptosis. It functions in part, by opposing the effects of pro-apoptotic Bcl-2 members such as Bax [5] . Other anti-apoptotic proteins include the structurally diverse group of heat shock proteins (HSPs), a variety of antioxidant proteins as well as a number of other proteins of unknown function such as the GTPase GIMAP8 [6, 7] . In spite of recent advances, more is known about the processes involved in initiating death than in the processes involved in preventing cell death [8, 9] . One factor that likely serves to limit our knowledge of anti-apoptosis is the fact that the complete repertoire of cell survival proteins is not known.
A number of different approaches have been successful in identifying novel anti-apoptotic genes. One successful strategy is to characterize genes that are up-regulated in a variety of different conditions where cells have increased resistance to apoptosis. A number of anti-apoptotic genes have thus been identified from commonly described apoptotic resistant cells including cancer cells, cells treated with sublethal levels of stresses (i.e. pre-conditioning) and neuronal cells subjected to increased stimulation [10] [11] [12] [13] [14] . The disadvantage here is the large number of genes that are up-regulated in such cells and the lack of knowledge regarding their potential as anti-apoptotic sequences. Another widely used strategy involves the screening of heterologous cDNA expression libraries in yeast ectopically expressing a mammalian cDNA corresponding to the proapoptotic Bax [15] . Such screens have the advantage of yielding sequences that have pro-survival functions. Such an approach has been validated by the fact that the characterization of numerous sequences identified as Bax suppressors in yeast have been shown to be anti-apoptotic when overexpressed in mammalian cells [16] [17] [18] . This is not surprising given that many different stresses including ROS donors and ectopically expressed Bax leads to Programmed Cell Death in yeast that shares a great deal of similarities with mammalian mitochondrial centered apoptosis [15] . The similarity is such that yeast is now a widely used model for apoptosis and other aspects of PCD [19] [20] [21] . In addition, this functional interchangeability of yeast and mammalian genes, has for many years lead to the use of so-called "humanized yeast" as a useful model to study the structure and function of heterologously expressed mammalian genes [18] . We have previously carried out Bax suppressor screens and have described the isolation of several potential mammalian anti-apoptotic sequences [22] . Here, we report that one of these uncharacterized clones encodes a cDNA corresponding to mitochondrially targeted dUTPase protein encoded by the human DUT gene. We further show that overexpression of the dUTPase cDNA renders yeast and mammalian cells resistant to stress induced cell death. Our results provide compelling evidence that serves to support the notion that dUTP is a second messenger that mediates the pro-apoptotic effects of cellular stresses in growing cells.
Materials and methods

Yeast strains and plasmids
The Saccharomyces cerevisiae BY4741 (MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0) strain was used throughout this study (EURO-SCARF). The DUT-M and HSP90β clones, expressed under the control of the galactose inducible GAL1 promoter in pYES-DEST52, was isolated in our previous screen of a human cardiac cDNA library for Bax suppressors [22] . Of the multitude of different clones isolated in the screen, DUT-M was the only cDNA that was isolated three independent times.
Yeast transformations, growth and viability assays
Yeast were grown in synthetic minimal media containing yeast nitrogen base (YNB), 2% glucose and supplemented with the required amino acids (aa) or bases. When expression of the GAL1 promoter was required, the glucose was substituted with 2% galactose and 2% raffinose. Yeast cells were transformed with the appropriate plasmids using the lithium acetate method and transformants were selected for by the omission of the appropriate nutrient (uracil for pYES-DEST52 plasmids). The rich media used consisted of 2% bactopeptone, 1% yeast extract and 2% glucose (YEPD). The clonogenecity assay was used to determine viability. Briefly, freshly saturated overnight cultures of the different yeast transformants were diluted in fresh, pre-warmed galactose-containing media, incubated for 4 h to induce gene expression, and subsequently treated with the indicated concentration of H 2 O 2 or cadmium. Aliquots were harvested, serially diluted and triplicate samples of 300 cells were then plated on YEPD media, grown at 30°C and the number of colonies that formed after 2 days were counted. The same procedure was used to generate chronologically aged cultures except that the cells were continuously incubated for 14 days and samples were harvested daily to determine viability. Alternatively, viability was also determined by microscopic examination of cells stained with the vital dye trypan blue. Cells were stained with 0.1% trypan blue for 5 min and at least 300 cells were scored for each time point.
C2C12 cell culture
Mouse C2C12 myoblasts were cultured at 37°C in a controlled incubator of 5% CO 2 , maintained in growth medium containing DMEM (Dulbecco's modified Eagle's medium) and supplemented with 10% fetal bovine serum and antibiotics (streptomycin and penicillin) [23] . Cells were infected in 100-mm tissue culture plates at ≈ 80% confluency with HSV (herpes simplex virus) infectious stock to allow for 1:150 dilution of virus:growth medium. Cells were then incubated in 37°C CO 2 incubator for 4 h, after which cell culture plates were washed 3 times with PBS and replaced with growth medium. Cells were then incubated for 24 h in a 37°C CO 2 incubator. Oxidative stress was stimulated by exposing cells to different concentrations of H 2 0 2 in DMEM without serum or antibiotics for 24 h in a 37°C CO 2 incubator. Following H 2 O 2 exposure, cells were pelleted by centrifugation at 3000 rpm for 3 min and analyzed by microscopy following staining with DAPI or via APO-BrdU TUNEL assay (Invitrogen).
Expression of Recombinant HSV constructs
The cDNAs corresponding to the entire open reading frame of DUT-M and HSP90β were individually inserted into an amplicon plasmid pHSV-PrpUC, containing the immediate early promoter 4/5 of HSV, and an HSV-packaging site [24] . The plasmid (2 μg) was subsequently transfected into the HSV packaging cell line 2-2 (3 × 10 5 ) with lipofectamine (12 μl) and then infected with 5 dl5 HSV helper virus after 24 h after incubation. The recombinant virus was amplified through three sequential rounds of infection and then stored at -80°C.
APO-BrdU TUNEL and flow cytometry analysis
Cells were grown in 100-mm tissue culture plates until ≈80% confluent, infected with HSV-constructs, and exposed to H 2 O 2 as described above. Apoptotic cells were detected by the terminal deoxynucleotidyl transferase biotin-dUTP nick end labeling (TUNEL) staining using the fluorescence method with the APO-BrdU TUNEL assay kit (Invitrogen) according to manufacturer's instructions. Following TUNEL protocol, cells were immediately analyzed in a FACScan (Becton Dickinson). The percentage of apoptotic positive cells was performed with Cell Fit software (Becton Dickinson).
Protein extraction and western blot analysis
Soluble protein was extracted from cultured cells using 1 ml of icecold lysis buffer per dish (50 mM Tris-HCl (pH 8.0), 150 mM NaCl, 0.1% SDS, 100 μg/ml PMSF, and 1% NP-40). Twenty μg of soluble proteins were separated by SDS-PAGE, transferred to nitrocellulose membrane and incubated with different primary anti-serum [25] . Commercially available rabbit anti-dUTPase, HSP90 and of α-tubulin from Santa-Cruz Biotechnology (Santa Cruz, California) were used as described by the manufacturer. HRP-conjugated secondary antiserum was used and signals were subsequently detected with ECL plus (Amersham Bioscience) followed by exposure to X-ray film (Kodak X-Omat).
Results
Our lab previously isolated multiple mammalian cDNAs capable of suppressing the negative effects of Bax in yeast [22] . We have since characterized four of these Bax suppressors and have determined that they are anti-apoptotic sequences since they are capable of preventing or delaying cell death in response to a variety of other pro-apoptotic stimuli in yeast [15, 22, 26, 27] . Here, we report the characterization of another Bax suppressor corresponding to a human cDNA encoding a predicted 252 residue protein. Analysis of the sequence by comparing it to the sequences in GenBank revealed that our cDNA was identical to the sequence of the DUT gene encoding deoxyuridine triphosphatase (dUTPase). The human DUT gene is alternatively spliced to produce 2 different proteins a 252 mitochondrial variant (DUT-M) and an N-terminally truncated 164 residue nuclear localized variant (DUT-N) [28] . Our sequence corresponds to the mitochondrial variant and we will refer to it as DUT-M from here on in.
DUT-M suppresses the lethal effects of 5-fluouracil
The anti-apoptotic function of DUT-M may be related to the fact that it is a mitochondrially localized protein. Overexpression of such a protein may somehow interfere with the ability of stress to trigger the necessary mitochondrial changes required to trigger apoptosis. More likely, the anti-apoptotic property of DUT-M is related to the dUTPase activity of its protein product. It is known that dUTP is cytotoxic and we thus reasoned that dUTPase, which serves to hydrolyze dUTP into dUMP and pyrophosphate (PPi), should be able to protect cells from elevated dUTP levels [29] . To test this possibility the uracil analog, 5-fluouracil (5-FU) which is a thymidylate synthase inhibitor, was used. Blocking thymidylate synthase (TS) leads to an accumulation of its substrate, dUMP, which subsequently leads to an elevation in the levels of dUTP [30, 31] . The physiology of TS inhibition is very well studied since it a commonly used chemotherapeutic approach [32, 33] . The biochemical pathways involved in thymidylate metabolism are largely conserved between yeast and man, thus it not surprising that the inhibition of TS using 5-FU similarly leads to death and increased dUTP levels [34] . Thus both control and DUT-M expressing yeast were treated with 5-FU and viability was determined using the clonogenic assay 0, 2 and 4 h after treatment. The viability of control cells was reduced to 75 ± 1.8% and to 51 ± 1.8% following a respective 2 and 4 h treatment with 5-FU (Fig. 1) . In contrast, viability was remained elevated in DUT-M expressing cells to a respective to 97.2 ± 1.8% and 70.1 ± 1.8% after 2 and 4 h of 5-FU exposure (Fig. 1 ). These results demonstrate that elevated levels of dUTPase confer resistance to 5-FU toxicity in yeast as it has previously been observed in mammalian cells [32] .
DUT-M does not protect non cycling cells
The inhibition of TS by agents such as 5-FU leads to thymineless death that occurs in response, in part, to the perturbations in pools of DNA synthesis precursors and the lack of the DNA synthesis precursor dTTP [35] . The accompanying increase in dUTP levels further exasperates the situation, since it can replace dTTP and get incorporated into DNA and thus lead to damaged DNA. The fact that TS inhibition impinges on cells actively undergoing DNA synthesis helps to explain the increased sensitivity of tumors to 5-FU and the increased resistance exhibited by non cycling cells. In order to confirm that DUT-M does not protect G0 yeast cells from cell death we used the fact that in yeast cultures, it has been shown that chronological ageing leads to physiologically induced apoptosis. Thus, to further examine the potential anti-apoptotic role of DUT-M, we examined whether DUT-M overexpression allows for increased survival during chronological ageing of yeast. A period of 14 days in cultivation can lead to apoptotic cell death for over 90% of the yeast culture [36] . We thus examined the viability of control and DUT-M expressing yeast cells in cultures that were allowed to enter stationary phase. Viability was found to decrease to less than 1% over a period of 13 days with no observable differences between control and DUT-M expressing cells (Fig. 2 ). These results demonstrate that DUT-M does not protect dying G0 yeast cells and is consistent with the notion that elevated dUTP is unlikely to play a role in mediating all forms of cell death.
Overexpression of DUT-M protects yeast against apoptotic inducing stresses in yeast
A number of Bax suppressors from a variety of different species have been identified in yeast [18] . Many of these have been subsequently shown to represent anti-apoptotic sequences. Nevertheless it remains that proteins may be able to suppress the effects of Bax in yeast without actually being anti-apoptotic. For example, given that Bax expression has pleiotropic effects including the inhibition of cell growth, it remains that a sequence may serve to promote cell growth and thus act as a Bax suppressor. Alternatively a sequence may act as a Bax binding protein and thus sequester Bax and reduce its ability to induce cell death. Therefore, in order to determine if DUT-M is capable of functioning as an anti-apoptotic sequence, we observed whether DUT-M overexpression in yeast could prevent cell death in response to H 2 O 2 and cadmium treatment, each of which are known to induce apoptotic cell death in yeast [37, 38] .
In the absence of H 2 O 2 or cadmium (Cd ++ ) viability of yeast transformed with empty vector or with DUT-M was close to 100% (Fig. 3) . Following treatment with 4 mM H 2 O 2 for 4 h the viability of yeast cells expressing a control empty vector was decreased to 52.7 ± 2.6% while the viability of yeast cells overexpressing DUT-M treated with H 2 O 2 was significantly higher at 71.0 ± 2.7% (p b 0.001; n = 3) (Fig. 3A) . Treating cells with Cd ++ reduced the viability of yeast cells harbouring a control empty vector to 12.4 ± 1.9% (Fig. 3C) . A protective effect was observed when yeast cells overexpressing DUT-M Yeast cultures were inoculated into galactose containing nutrient media at low density and the cells were allowed to incubate at 30°C for 13 days. Samples were taken daily and viability was determined using the clonogenic assay. The data represent the mean of three samples and similar results were obtained in three independent experiments.
were exposed to cadmium, viability increased to 48.4 ± 1.4%, respectively (p b 0.001; n = 3) (Fig. 3C) . As an independent assay for cell death, cell viability was also monitored using the vital dye trypan blue. Using trypan blue and following the same treatment with Cd ++, viability of control cells was found to be decreased to 49.9 ± 1.8% (Fig. 3B) . Because trypan blue is used to examine cell viability directly after treatment it overestimates the viability of cultures since a number of cells exclude vital dyes even though these cells are unable to form colonies. Such differences in the viability have been noted before [22] . Nevertheless in spite of the overestimation of viability, cells overexpressing DUT-M show increased viability at 73.4 ± 3.5% using trypan blue (p b 0.0001; n = 3) (Fig. 3B) . These data suggest that dUTPase is another one of a multitude of mammalian anti-apoptotic sequences, such as the ceramide utilizing sphingomyelin synthase and the small G-protein Ran, that were first identified as Bax suppressors in yeast viability screens [17, 22] .
Optimization of H 2 O 2 as an apoptotic inducer in C2C12 cells
Next, we wanted to test if DUT-M displayed anti-apoptotic activity in mammalian cells. Although dUTPase has been shown to protect cells mammalian cells from 5-FU, its ability to protect from apoptotic inducing stresses has not been examined. We decided to use the mouse skeletal muscle cell line C2C12 since we and others have used these cells to study a variety of different aspects of apoptosis [25, 39] . In addition, H 2 O 2 , a commonly used and effective inducer of mitochondrial apoptosis has been shown to be effective in these cells [39] . We first had to establish conditions that would allow the detection of sufficient cell death in order to be able and detect any increases in viability due to DUT-M overexpression. Control C2C12 myoblasts were treated with increasing concentration of H 2 O 2 (up to 1.2 mM) for 24 h before being fixed and stained with DAPI. Fluorescent microscopy of cells revealed that a significant proportion of cells (ca. 50%, not shown) were undergoing apoptosis after treatment with 1.2 mM H 2 O 2 for 24 h as observed by enlarged nuclei (Fig. 4A) . To quantitatively assess H 2 O 2 -induced apoptosis in C2C12 cells, DNA fragmentation was determined via TUNEL labeling and flow cytometric analysis. As seen in Fig. 4B , the appearance of apoptotic cells was increased by H 2 O 2 in a dose-dependent manner: 3.5 ± 0.9% (control cells), 9.6 ± 1.2% (0.3 mM), 25.9 ± 2.1% (0.6 mM), 35.6 ± 2.4% (0.9 mM), and 58.4 ± 2.9% (1.2 mM). We thus decided to pursue these experiments using 1.0 mM H 2 O 2 . 
Overexpression of DUT-M inhibits H 2 O 2 -induced apoptosis in C2C12 cells
To determine the effect of overexpressing DUT-M on apoptotic cell death in C2C12 cells, we first carried out western blot analysis using extracts prepared from control C2C12 cells or from cells overexpressing HSP90β and DUT-M using protein specific antibodies. HSP90β was used as a positive control it is a known anti-apoptotic sequence [40] . The results obtained demonstrate that cells transduced with the HSP90β and DUT-M viral expression constructs show increased levels of these proteins (Fig. 5A) . A viral system was used to overexpress our cDNAs because transduction with this system resulted in negligible increases in basal levels of apoptosis (from 3% to 5%) and efficiency was close to 100% (as determined by transducing a GFP expressing viral construct). Traditional methodologies used to introduce plasmid based cDNA overexpression constructs into C2C12 lead to lower levels of transfection efficiencies (30-40%, in our hands) and to a significant increase in the basal level of apoptosis (from 3% to 15%). Control cells with an empty virus and cells transduced with virus overexpressing HSP90β or DUT-M were then exposed to 1.0 mM H 2 O 2 for 24 h, labeled with TUNEL and analyzed by flow cytometry (Fig. 5B) . Under these conditions, we found that 38.8 ± 1.1% of control H 2 O 2 -treated C2C12 cells were apoptotic (Fig. 5C ). In contrast, apoptosis was reduced to 20.7 ± 1.0% (p b 0.0001; n = 3) in H 2 O 2 -treated cells overexpressing HSP90β. Similarly, H 2 O 2 -treated cells overexpressing DUT-M were also protected as observed by the reduced the proportion of apoptotic cells to 14.6 ± 0.8% (p b 0.0001; n = 3). Thus dUTPase has the ability to prevent stress mediated apoptosis and thus it has one of the major characteristic of an antiapoptotic gene [14] .
Discussion
The identification of genes that are anti-apoptotic when overexpressed has been important in furthering our understanding of the processes involved in regulating apoptosis [3, 41, 42] . In effect, the early realization that increased expression of Bcl-2 confers the ability to evade apoptosis in many tumors was such a landmark event [43] . Others include the fact that proteins acting as scavengers of Reactive Oxygen Species (ROS) are powerful negative regulators of stress mediated apoptosis [44] . Similarly, the identification of the ceramide utilizing sphingomyelin synthase 1 (SMS1) as anti-apoptotic sequence strongly supports the long held view that ceramide is a stress induced pro-apoptotic second messenger [45] . The identification of a cDNA encoding the dUTP hydrolyzing enzyme dUTP pyrophosphatase (dUTPase) as a Bax suppressor, provides compelling evidence that dUTP is involved in triggering apoptosis. Consistent with previous reports in mammalian cells, we have shown that the heterologous expression of DUT-M in yeast serves to increase dUTPase activity since it prevented cell death in cells having increased levels of dUTP due to a 5-FU mediated inhibition of thymidylate synthase (Fig. 1) [33, 35] . The fact that we were able to show that DUT-M suppresses the proapoptotic effects of ROS stress in both yeast and mammalian cells (Figs. 3 and 5 ) further supports a central role for dUTP as a mediator of cell death. Our demonstration that DUT-M does not prevent cell death in stationary phase chronologically aged yeast cultures (Fig. 2) is consistent with the notion that dUTP serves to kill cells by interfering with DNA synthesis [29, 46] . Thus given that the primary role of dUTPase is to rid the cell of dUTP together with our results showing that dUTPase is antiapoptotic, we hypothesize that dUTP increases in response to certain stresses and it has a regulatory role as an intracellular pro-apoptotic inducer. A number of previous observations serve to strongly support this hypothesis: 1-DUT is an essential gene [47] , 2-dUTP is toxic to the cell since it can replace dTTP and get incorporated into DNA [48] , 3-blocking thymidylate synthase leads to cell death in part because of an increase in dUTP levels while overexpression of dUTPase is protective [30] [31] [32] , 4-dUTP induced cell death has been reported to kill unwanted cells during fruit fly development and in response to specific genotoxic stress [49, 50] , and 5-dUTP incorporation into the genome of viruses may be a common mechanism that is used by infected cells to kill viruses or to undergo suicide [46] . Not surprisingly, many viruses encode their own dUTPase as a safeguard against this cellular defense [46] .
The biochemical pathways involved in the de novo generation of the dNTPs required for DNA synthesis have received a great deal of attention [35] . The synthesis of dTTP is unique since Thymine is the only nucleotide that is present exclusively in DNA while uracil is the equivalent nucleotide that is present exclusively in RNA. The synthesis of dTMP is thus unique and convoluted by the fact that TMP is not used as a precursor. Instead dUTP must first be synthesized, converted to dUMP which is then methylated by thymidylate synthase to make dTMP. Subsequent phosphorylation then leads to the production of the DNA synthesis precursor dTTP. Thus the hydrolysis of dUTP by dUTPase has two functions, one is to produce the dUMP substrate for thymidylate synthase and the other is to rid the cell of excess dUTP [29, 46] . With the exception of the few cases described above, the traditional view held that excess dUTP is simply a necessary aberrant genotoxic intermediate that is required for dTTP synthesis. A role for dUTP as a pro-apoptotic second messenger suggests that the cell has chosen to make dUTP not as an aberration, but instead dUTP has the important function of serving as a nexus point that can be used to trigger apoptosis. The importance of anti-apoptotic genes in controlling cell fate is highlighted by the fact that many viruses encode cell survival genes within their genomes. The expression of these survival genes allows the virus to prevent cellular suicide and thus facilitates their highjacking of cells [51] . As mentioned above, the presence of genes encoding dUTPase within the genomes of many viruses suggests that this gene can play a pro-survival function [46] .
The use of several pro-apoptotic second messengers including ROS, ceramide and calcium suggests that cells have many different weapons that can serve to trigger cell death. The myriad of processes involved in triggering cell death may be a mechanism of ensuring that apoptosis can be triggered when required. This is in keeping with the observation that MEF cells which are unable to carry out apoptosis because of the knock out of Bax and Bak genes, will utilize alternative pathways to undergo cell death in response to apoptotic inducing stresses [52] . The interrelationship between the known pro-apoptotic second messengers with themselves and with Bax is complex [53] [54] [55] [56] . For example, the heterologous expression of activated Bax in yeast leads to cell death that can be inhibited by the co-expression of Bax inhibitory protein Bcl-2 [57] , the ceramide utilizing enzyme SMS1 [22] , free radical scavengers [58] as well as the expression of DUT-M (this study) (Fig. 6 ). This suggests that stresses can activate many proapoptotic pathways, yet the inhibition of a single such pathway is sufficient to prevent cell death. Although many questions regarding dUTP and other pro-apoptotic messengers remain to be answered, these later studies clearly indicate that the use of anti-apoptotic sequences can serve as tools to help decipher the mechanisms regulating different forms of PCD. )) are able to induce apoptosis, at least in part, by eliciting an increase in the production of ROS. The mechanism by which ROS induces apoptosis is not completely clear but likely involves ROS mediated damage to a variety of cellular components including proteins, lipids and DNA. The importance of ROS in the process is made clear by the observation that proteins as well as chemicals that can scavenge ROS have potent anti-apoptotic properties that can prevent cell death in response to a large variety of cellular stresses [14] . In analogous fashion, we propose that stress increases the levels of dUTP, which presumably causes cell death only in dividing cells due to the fact that it must get incorporated into DNA, also serves to promote apoptosis. The ability of overexpressed dUTPase to protect from the same multiple stresses that are known to kill cells by increased ROS levels suggests that there is a cross-talk between the processes involved in regulating the levels of ROS and dUTP. A more detailed discussion regarding the possible cross-talk between the different proapoptotic second messengers has been recently presented [14] .
